Developing adequate biomaterials to engineer cell-scaffold interactions has become a promising way for physically regulating the biological behaviors of cells in the field of tissue engineering. Biopolymeric hydrogels have shown great merits as cellular scaffolds due to their biocompatible and biodegradable characteristics. In particular, the advent of atomic force microscopy (AFM) provides a powerful tool for characterizing native specimens at the micro/nanoscale, but utilizing AFM to investigate the detailed structures and properties of hydrogel scaffolds has been still scarce. In this paper, hybrid natural biopolymers are used to form hydrogel scaffolds which exhibit tunable structural and mechanical properties characterized by AFM peak force tapping imaging, and the applications of the formed hydrogel scaffolds in tissue engineering are studied. AFM morphological images showed that the cross-linking reactions of sodium alginate and gum arabic v ia calcium cations yielded the porous hydrogel scaffolds. By altering the component ratios, AFM mechanical images showed that the porous and mechanical properties (Young's modulus and adhesion force) of the hydrogel scaffolds were tunable. Next, the nanoscale structural and mechanical dynamics of the fabricated hydrogel scaffolds during the degradation process were revealed by AFM peak force tapping imaging. The experimental results on three different types of cells showed that the fabricated hydrogel scaffolds facilitate the formation of cellular spheroids. The research provides a novel idea to design tunable hydrogel scaffolds based on AFM characterizations for investigating cell-scaffold interactions, which will have potential impacts on tissue engineering.
I. INTRODUCTION
C ELL-SCAFFOLD interactions have key roles in the fulfillment of cellular physiological activities. For complex organisms, cells grow in a microenvironment comprised of multiple components that support cell growth and differentiation [1] . In the cellular microenvironment, extracellular matrix (ECM) provides the physical substrate for cell anchorage and serves as tissue scaffolds [2] . ECM also provides biochemical and biomechanical cues which are required for tissue morphogenesis, differentiation, and homeostasis [3] . On the one hand, cells in contact with ECM are able to sense the mechanical properties (e.g., adhesivity, stiffness, nanotopography or degradability) of ECM and integrate these mechanical cues via signal propagation (called mechanotransduction), which ultimately influences cellular fate decisions [4] , [5] . On the other hand, cellular physiological activities also result in the remodeling of ECM. For example, during the process of tumor metastasis, the alterations in organizations and compositions of ECM are required to facilitate the invasion of cancerous cells [6] , [7] . Hence the cell/ECM interface dynamically changes due to the cooperative interactions between cells and ECM, which acts as an important factor to allow the fulfillment of cellular physiological and pathological behaviors in living organisms.
By using biomaterials as cellular scaffolds to investigate cell-ECM interactions, the behaviors of cells in their microenvironments can be studied and regulated [8] - [10] . Synthetic polymers (e.g., polyacrylamide [11] - [13] ) have been widely used to fabricate hydrogel scaffolds to mimick ECM in the studies of stem cell development and cancer progression. Hydrogel scaffolds based on the synthetic polymers are stable and inert with a slow degradation rate [14] , which makes it difficult to observe the dynamic reorganizations of ECM. In contrast, natural polymers (e.g., alginate) [15] - [17] have attracted researcher's attention due to their biocompatible and biodegradable characteristics. Hydrogels constructed by natural polymers are often brittle, for example, an alginate hydrogel ruptures when stretched to about 1.2 times its original length [18] . Studies have shown that combining natural polymers with synthetic polymers can yield highly stretchable and tough hydrogels for diverse wet surface applications [18] , [19] , but a notable point is that this method also introduces the disadvantages of synthetic polymers. Utilizing a blend of different biopolymers (e.g., collagen and chitosan) has been investigated to improve the mechanical properties of the fabricated hydrogels [20] , but it requires glutaraldehyde treatment.
The physics (such as the material structures and mechanical properties [21] ) of hydrogel scaffolds plays an important role in regulating cellular behaviors via cell-scaffold interactions. The nanotopographical surfaces (e.g., nanograting, nanopit array, nanofibers) have been extensively shown to be able to control the stem cell fate [22] . The stiffness of the ECM has been shown to regulate both short-and longer-term cell functions such as cell spreading and cell phenotype changes on planar substrates [23] . The stiffness of ECM results in the changes of the expression levels of related cellular proteins such as nuclear lamin-A, which contributes to the lineage determination of stem cells [24] . Studies have also shown that the adhesive properties of ECM to cancerous cells are closely associated with cancer metastasis [25] . Hence, developing methods to characterize the detailed structures and properties of hydrogel scaffolds is of remarkable significance for understanding cell-scaffold interactions.
In this work, atomic force microscopy (AFM) [26] , [27] peak force tapping imaging was utilized to assist designing natural biopolymer-based hydrogel scaffolds with tunable structural and mechanical properties for applications in tissue engineering, as illustrated in Fig. 1 . Porous hydrogel scaffolds were prepared with the use of two natural polysaccharides (sodium alginate and gum arabic). AFM peak force tapping imaging was used to reveal the tunable structures and mechanical properties (Young's modulus and adhesion force) of the formed hydrogel scaffolds at the micro/nanoscale. The dynamic alterations in the process of hydrogel degradation were also studied by AFM. Finally, the experiments on three different types of cells (C2C12, MCF-7, Raji) showed that the hydrogel scaffolds could facilitate the formation of three-dimensional cellular spheroids, which is of active significance for the communities of biomedicine.
II. MATERIALS AND METHODS

A. Cell Lines and Reagents
C2C12 (mouse myoblast cell line), MCF-7 (human breast cancer cell line), and Raji (human B-cell lymphoma cell line) cells were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). Cell culture medium and trypsin were purchased from Hyclone Laboratories (Logan, UT, USA). C2C12 cells were cultured in DMEM medium (high glucose) containing 10% fetal bovine serum and 1% penicillin-streptomycin solution at 37 • C (5% CO 2 and 95% air). MCF-7 and Raji cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum and 1% penicillin-streptomycin solution at 37 • C (5% CO 2 and 95% air). Sodium alginate, gum arabic, and calcium chloride dihydrate were purchased from Sigma-Aldrich Company (St. Louis, MO, USA). Acridine orange (AO), propidium iodide (PI), and paraformaldehyde (4%) were purchased from Solarbio Life Sciences Company (Beijing, China). Milli-Q (Merck KGaA, Darmstadt, Germany) pure water was used for hydrogel scaffold fabrication.
B. Fabrication of Hydrogel Scaffolds
The hydrogel scaffolds were fabricated by the calciummediated cross-linking reactions of sodium alginate polymers and gum arabic biopolymers [17] . First, calcium chloride dihydrate was diluted by pure water to obtain 1 M calcium cation solution. Then 10 mL pure water was added into a fresh vial and subsequently a certain amount of calcium cation solution (1 M) was added into the vial to prepare calcium cation solution. Next, gum arabic was added into the vial and a magnetic stirrer was used to stir the solution. After the gum arabic was fully dissolved, sodium alginate was added into the vial with magnetic stirring, which yielded the formation of hydrogel scaffolds. The formed hydrogel was stored at 4 • C to avoid microbial contamination. The concentrations of gum arabic and sodium alginate were described as percentage (w/v). For simplicity, the hydrogel scaffold containing X% sodium alginate, Y% gum arabic, Z mM Ca 2+ was abbreviated as hydrogel scaffold (X-Y-Z) in the next text. In order to prepare hydrogel scaffolds for cell culture, 10 mL DMEM medium containing 10% fetal bovine serum and 1% penicillin-streptomycin (or 10 mL RPMI-1640 medium containing 10% fetal bovine serum and 1% penicillinstreptomycin) was used instead of pure water.
C. Atomic Force Microscopy
Atomic force microscopy (AFM) characterizations of the fabricated hydrogels were carried out with a Dimension Icon AFM (Bruker, Santa Barbara, CA, USA), as shown in Fig. 2A . The AFM has an optical microscope which provides visual guidance for AFM observations. The ScanAsyst probe with a nominal spring constant 0.4 N/m was used ( Fig. 2B) . AFM experiments were performed in air. After dropping the fabricated hydrogels onto a fresh coverslip (*), another coverslip (**) was used to scratch the hydrogel to form a thin layer on the coverslip (*). The coverslip (*) was then placed at the sample stage of AFM for AFM characterizations.
AFM images of the hydrogel were obtained at peak force tapping imaging mode [28] , [29] . In the peak force tapping mode, the vibrating tip performs vertical indentation to record force curves for each sampling points on the surface of the specimens (Fig. 2C ). Each force curve is composed of two parts, the approach curve and the retract curve ( Fig. 2D ). By real-time analyzing the force curves, multiple mechanical properties (such as Young's modulus and adhesion force) of the specimens are obtained (Fig. 2D ). The Young's modulus is obtained by fitting the retract curve with Derjaguin, Muller, Toporov (DMT) model [30] , while the adhesion force corresponds to the peak force below the baseline from the retract curve. Before AFM peak force tapping imaging, the deflection sensitivity of the cantilever was calibrated by obtaining force curves on the bare area of the stiff substrate, and then the spring constant of the cantilever was calibrated by the thermal noise module of AFM.
In order to quantitatively characterize the mechanical properties of the fabricated hydrogels, force curves were obtained on hydrogel-coated glass coverslip. The original obtained force curves were exported as text files which were then imported to Matlab (Mathworks, Natick, MA, USA). The adhesion force of hydrogel was calculated from the force peak in the retract curve. The approach curve was converted into indentation curve according to the contact point in the approach curve. The Young's modulus of hydrogel was calculated by fitting the indentation curve with Sneddon-modified Hertz model [27] :
where υ is the Poisson ratio of hydrogel (υ is often assumed as 0.5 for hydrogels [31] ), F is the applied loading force of AFM probe, δ is the indentation depth, E is the Young's modulus of the hydrogel, and θ is the half-opening angle of the conical tip. The fitting was performed with the program written by Matlab.
D. Hydrogel Degradation
In order to observe the structural and mechanical dynamics during the degradation process of hydrogel scaffolds, two experiments were performed. The first experiment was performed on hydrogel-coated substrate. Pure water was dropped onto the hydrogel (3-3-15)-coated coverslip and incubated for about 10 s. After the incubation, the superficial water on the coverslip was removed by pipette. Then after natural drying AFM peak force tapping imaging was performed on the specimen. Repeated procedures were performed for observing the degradation dynamics of hydrogel scaffolds. The second experiment was according to the standard protocol commonly used in the studies of hydrogel degradation [32] . Briefly, the fabricated hydrogel (3-3-15) was incubated with pure water in a tube for 5 times dilution or 25 times dilution. After the dilution, the hydrogel was dropped and coated on the coverslip for AFM imaging.
E. Contact Angle Measurements
The contact angles of the hydrogels were measured with the use of the homebuilt platform ( Fig. 3 ) which contains four main components, including a sample stage, a liquid infusion part, a side-view optical microscopy, and a light source. The sample stage is driven by a motorized three-axis translation system (Newport Corporation, Irvine, CA, USA). The liquid infusion part is composed of a syringe pump with a micro injector. The side-view optical microscopy (Mitutoyo Corporation, Kanagawa, Japan) is linked to a charge-coupled device (CCD) video camera (Point Grey, Vancouver, Canada) for recording the optical images. An adjustable brightness light-emitting diode (LED) (Navitar, New York, USA) is used as the light source. Here, for practical reasons, a drop of hydrogels was directly pipetted onto a coverslip, which was then placed at the sample stage of the platform. Side-view optical images of the hydrogel drops on the coverslip were then recorded. By analyzing the obtained optical images of the hydrogel drops, the contact angles of hydrogels were calculated.
F. Cell Culture on Hydrogel Scaffolds
In order to culture cells with the fabricated hydrogels, 3 mL of the hydrogels (3-3-15 or 7-4-25) fabricated with culture medium were dropped into a fresh petri dish (diameter 3.5 cm) to coat the bottom of the dish. The hydrogel-coated Petri dish was then placed in a biological safety cabinet (Thermo Fisher Scientific Inc., Rockford, IL, USA) and treated by ultraviolet disinfection for 30 min. The cells (C2C12 or MCF-7) cultured in regular Petri dishes (the dishes were not coated by hydrogel) were harvested by the use of trypsin. Raji cells cultured in flasks were directly harvested without the use of trypsin. Subsequently, 1 mL of the harvested cells (cellular densities were 5×10 4 cells /mL) were added into the hydrogel-coated Petri dish and incubated at 37 • C (5% CO 2 and 95% air). For control, cells were also cultured in regular petri dishes which were not treated by hydrogel scaffolds.
G. Optical and Fluorescence Microscopy
Optical and fluorescent images of the cells cultured in the hydrogel-coated Petri dishes were obtained by an inverted microscope (Ti, Nikon, Tokyo, Japan). In order to examine the proliferation and biological activities of cells after being cultured in hydrogels, fluorescence experiments were performed. Two fluoresceins were used, including acridine orange (AO) dye and propidium iodide (PI) dye. AO is able to enter into the intact membrane of living cells and then stains the cells. PI can only enter into the dead cells which have damaged cell membranes. Hence, AO and PI was used together here to identify the living and dead cells in hydrogels. After growing cells in hydrogel-coated petri dish for a certain time, the solution in the petri dish was divided into two parts with the use of two fresh petri dishes. AO dye was added into one part and PI dye was added into the other part (the final concentrations of AO or PI for cell staining were 20 μg/mL). Then both of the two parts (in two new dishes) were incubated at 37 • C(5% CO 2 and 95% air) for 15 min. After the incubation, fluorescent images of the cells were recorded.
H. Scanning Electron Microscopy
Scanning electron microscopy (SEM) images of the three-dimensional porous hydrogels were obtained on the freeze-dried hydrogels. The fabricated hydrogel (3-3-15) was firstly dropped in a petri dish which was then placed in a refrigerator at -20 • C for 2 h. Subsequently, the petri dish containing the hydrogels was placed in liquid nitrogen for 5 h. After that, the petri dish containing the hydrogels was placed in a lyophilizer (Biocool Company, Beijing, China) at -80 • C under 0.85 Pa for 12 h. Then the freeze-dried hydrogels was cut into small pieces which were coated by gold for SEM (Zeiss, Oberkochen, Germany) imaging.
SEM images of the cells cultured in hydrogel (3-3-15 or 7-4-25)-coated Petri dishes were obtained to observe the morphology of cells in the hydrogel scaffolds. After removing the supernatant of the petri dishes, 1 mL paraformaldehyde (4%) was added into the petri dishes to incubate for 2 h at room temperature for chemical fixation. After the incubation, the supernatant of the petri dishes was removed and then the petri dishes were air-dried at room temperature. After gilding the petri dishes, SEM images were obtained. There are no visible porous structures in both Fig. 4D and Fig. 4E , demonstrating that the combination of sodium alginate and gum arabic via Ca 2+ yields porous scaffolds. Notably, AFM images obtained on hydrogel-coated substrates only reflect the two-dimensional structures of the fabricated hydrogels. In order to observe the three-dimensional structures of the fabricated hydrogels, SEM imaging experiments of freeze-dried hydrogels were performed and the SEM images ( Fig. 4E-I) remarkably show the three-dimensional porous structures of the fabricated hydrogels.
Alginate is an important biopolymer for preparing hydrogels [33] . Alginate contains blocks of mannuronic acid (M) and guluronic acid (G) residues [17] . The gelation of alginate occurs by an exchange of sodium ions from the G-blocks of alginate with Ca 2+ , and then the stacking of these G-blocks forms a characteristic "egg-box" structure [34] . Gum Arabic, a branched-chain and complex polysaccharide (the backbone is composed of 1,3-linked β-D-galactopyranosyl units and the side chains are composed of two to five 1,3-linked β-D-galactopyranosyl units), is found as a mixed calcium, magnesium and potassium salt of a polysaccharidic acid [35] . Gum arabic has been widely used in food industry as an emulsifier [36] . Since the experimental results show that ( Fig. 4C-E ) the generation of porous scaffolds requires both sodium alginate and gum arabic. It is reasonable that when blending sodium alginate and gum arabic in the presence of calcium cation, there could occur an electrostatic ionic interaction between positively charged calcium cations and negatively charged carboxylate groups of sodium alginate and gum arabic [37] , which leads to the cross-linking reactions of sodium alginate and gum arabic and subsequently results in the formation of well-defined porous hydrogel scaffolds. However, further studies are needed to uncover the molecular mechanisms guiding the cross-linking reactions between sodium alginate and gum arabic via calcium cation.
The porous structures of the hydrogel scaffolds fabricated with sodium alginate and gum arabic are tunable by altering the component ratios. Fig. 5 shows the representative optical images of the hydrogels prepared by pure water or cell culture medium. Fig. 6 shows the AFM topographic images of the diverse hydrogel scaffolds formed by different component concentrations and the corresponding contact angles of the hydrogels. Fig. 6A clearly shows the different porous structures of the formed hydrogel scaffolds. When the hydrogel component ratio was 2-2-10 and 3-2-15, the porous sizes of the hydrogel scaffolds were significantly smaller than that of the hydrogel 3-3-15 ( Fig. 4C ). For some component ratios, discrete porous structures were observed (hydrogel 3-3-20, typically denoted by the arrows) or the unreacted debris was discernible (hydrogel 3-4-15, typically denoted by the arrows), indicating the probably inadequate cross-linking reactions of sodium alginate and gum arabic. When the component ratios increased, such as 6-4-20, 6-4-25, 6-5-20, 6-5-25, 7-4-20, and 7-4-25, the porous sizes of the formed hydrogel scaffolds significantly increased (typically denoted by the asterisks). We then measured the contact angles of these hydrogels, as shown in Fig. 6B . We can see that the hydrogels were hydrophilic on glass coverslip. Besides, the increase of component concentrations was accompanied with larger contact angles of the fabricated hydrogels. When the component ratios raised, the scaffolds became thicker (as observed in Fig. 6A ) and the hydrogels became denser, which could result in the increased contact angles. Porous structures play an important role in cellular scaffolds [38] , since the pores provide space for cellular proliferation and remodeling of tissue structures. Porous hydrogel scaffolds have been widely investigated based on synthetic polymers, such as poly (L-lactide-co-glycolide), poly (L-lactide) [39] and elastomer [40] . Here (Fig. 6) we can see that the hydrogel scaffolds prepared with the use of natural biopolymers are porously tunable, which may be utilized in tissue engineering as biocompatible materials for investigating cell-scaffold interactions.
B. Mechanical Dynamics of Hydrogel Scaffolds
Revealed by AFM Peak Force Tapping Imaging AFM peak force tapping imaging is able to visualize the multiple mechanical properties of the hydrogel scaffolds. In recent years, AFM peak force tapping imaging mode has emerged as a promising method for simultaneously visualizing several types of mechanical parameters (e.g., Young's modulus, adhesion force) together with the topographic information of the specimens [41] - [45] . So far AFM peak force tapping imaging has been mainly used to investigate biological samples, including cells [46] , molecules [47] , and viruses [48] . Here AFM peak force tapping imaging was utilized to characterize the mechanical properties of the hydrogel scaffolds fabricated based on hybrid natural biopolymers, which visually provides the mechanical information of the scaffolds. Fig. 7 represents the results of utilizing AFM peak force tapping mode to visualize the mechanical properties of the hydrogel scaffold (3-3-15), directly showing the correlation between the structure and mechanics (Young's modulus and adhesion force) of the hydrogel scaffolds. The results indicate that on the whole both Young's modulus and adhesion force of the scaffolds distributed uniformly except at the edge areas of the scaffolds. The Young's modulus and adhesion force of scaffold areas (denoted by white asterisks) were comparable to that of porous areas (denoted by yellow asterisks). AFM has been widely used to characterize the morphology and properties of biological systems [49] , [50] , but studies about utilizing AFM peak force tapping to characterize hydrogels are still scarce. Here we can see that the experimental results ( Fig. 7) show the capabilities of AFM in directly correlating the structures and mechanical properties of hydrogel scaffolds.
The mechanical properties of the hydrogel scaffolds fabricated with sodium alginate and gum arabic via Ca 2+ -mediated cross-linking reactions are tunable by altering the component ratios. Fig. 8 presents the mechanical characterizations of the hydrogel scaffolds fabricated with different component ratios, showing the diverse mechanical properties of the hydrogel scaffolds. Fig. 8(A, B) corresponds to the hydrogel 3-3-15 fabricated with cell culture medium. Compared with the hydrogel scaffold 3-3-15 fabricated with pure water in Fig. 7 , we can see that the hydrogel scaffold 3-3-15 fabricated with cell culture medium were significantly softer. However, the adhesion forces of the scaffold fabricated with cell culture medium (III in Fig. 8A, B ) were comparable to that fabricated with pure water (III in Fig. 7 ). Various nutrient components in cell culture medium may cause the Young's modulus changes of the formed hydrogel scaffolds but not influence the adhesion forces of the formed scaffolds. Fig. 8(C, D) corresponds to the hydrogel 7-4-25 fabricated with cell culture medium. We can see that the increase of component ratios significantly resulted in the increase of both Young's modulus and adhesion force of the formed hydrogel scaffolds. When the component ratio increased from 3-3-15 to 7-4-25, the Young's modulus of the hydrogel scaffolds became about 30 times larger and the adhesion force became about 10 times larger. The mechanical properties (e.g., stiffness [51] and adhesion [52] ) of hydrogel scaffolds are important determinants for utilizing hydrogel scaffolds to regulate the behaviors of cells. For example, during the metastasis process of cancerous cells, the tumor microenvironment stiffens to facilitate the movement and invasion of cancerous cells [53] . Besides, adhesions between cells and the extracellular matrix are fundamental for cell function [54] . Hence, controlling the mechanics of scaffolds significantly benefits investigating the cell-scaffold interactions. Here (Fig. 8) we can see that both the stiffness and adhesion of the fabricated hydrogel scaffolds are tunable, which may be utilized to regulate cellular behaviors for the applications in tissue engineering.
The degradation-induced structural and mechanical changes of hydrogel scaffolds at the nanoscale were revealed by AFM peak force tapping multiparametric imaging. Fig. 9 shows the AFM peak force tapping imaging results of the hydrogel scaffold (3-3-15) before and after water degradation. Before the degradation, AFM imaging (Fig. 9A ) clearly showed the porous structures of the scaffold. After the addition of one drop of water for degradation, AFM imaging (Fig. 9B) showed the discrete small scaffolds, as denoted by the arrows. After adding the third drop of water on the coverslip, nanoparticles were observed from AFM images, as shown in Fig. 9C and denoted by the arrows. Higher resolution imaging showed that larger nanoparticles were composed of smaller nanoparticles (denoted by the circles in the II of Fig. 9C ). From the mechanical images (III, IV), we can see that both the Young's modulus (III) and adhesion force (IV) significantly decreased during the degradation process of hydrogel scaffolds. Besides, the scaffolds are more distinctive in the adhesion force images than in the Young's modulus images. In order to confirm the structural and mechanical dynamics of scaffolds taking place in the process of hydrogel degradation, we used pure water to dilute the fabricated hydrogel (3-3-15) and then coated the diluted hydrogel on substrate for AFM imaging, as shown in Fig. 10 . Before dilution, AFM images clearly show the porous structures of the hydrogel scaffold (Fig. 10A, B ). After 5 times dilution, porous structures are also discernible but the porous size became significantly smaller (Fig. 10C, D) . Sometimes, discrete scaffolds are observed (Fig. 10E, typically denoted by the dashed ellipses) . After 25 times dilution, nanoparticles are also observed (Fig. 10F, typically denoted by the arrows). The results of hydrogels after dilution (Fig. 10 ) are much consistent with the results obtained on hydrogel-coated substrate treated by pure water (Fig. 9 ), verifying the degradation dynamics of hydrogel scaffolds. Commonly, nanoparticles are added into hydrogels to adjust the properties of hydrogels, such as adhesive properties [55] , stiffness [56] , and conductivity [57] . Besides, studies have shown that natural plant hydrogels produced by sundew are composed of nanofibers and nanoparticles [58] , indicating that nanoparticles play an important role in the organizations of natural hydrogels. Here, we can see that nanoparticles are also observed after the degradation process of the hydrogel fabricated with natural biopolymers. Considering that AFM peak force tapping imaging ( Fig. 9 ) only qualitatively visualizes the mechanical properties of hydrogels, we obtained force curves on the hydrogel-coated substrate to quantitatively monitor the mechanical changes of hydrogels during degradation process, as shown in Fig. 10 (G-I) . About 500 force curves were obtained at five different areas on the hydrogel-coated substrate for each situation (before dilution, 5 times dilution, and 25 times dilution) and a typical force curve is shown in Fig. 10G . The adhesion force was calculated from the retract curve (denoted by the blue two-way arrow in Fig. 10G ), while the Young's modulus was calculated from the approach curve with the use of Sneddon-modified Hertz model [27] . Statistical results clearly show that both the adhesion force ( Fig. 10H) and Young's modulus (Fig. 10I ) of hydrogel significantly decreased after dilution, which is in agreement with the results of AFM peak force tapping imaging ( Fig. 9 ). Taken together, we can see that during the degradation process, the structures of hydrogel scaffolds strikingly changed (porous scaffolds became small and discrete, and finally nanoparticles appeared), which were accompanied with the mechanical changes (the decrease of stiffness and adhesion force), providing novel insights into the dynamic behaviors of hydrogel scaffolds.
C. Applications of Hybrid Biopolymeric Hydrogel Scaffolds in Tissue Engineering
The hydrogel scaffolds formed by sodium alginate and gum arabic support the proliferation and spheroid formation of C2C12 cells. Fig. 11 shows the optical and fluorescent images of the C2C12 cells cultured in hydrogel (3-3-15)-coated Petri dishes. The results ( Fig. 11A-C) clearly show the formation of cellular spheroids (denoted by the red arrows) after growing C2C12 cells in the hydrogel, particularly after 48 h growth of cells. More images of cellular spheroids are shown in Fig. S1 . AO live cell staining clearly shows the morphology of cells grown in hydrogel. After PI staining, cells do not exhibit red fluorescence after PI staining, indicating that cells are live. Based on fluorescent staining and cell counting, the cell viability and proliferation are quantitatively obtained, and the results (Fig. 11D, E) show that hydrogels could support the growth and proliferation of C2C12 cells. Changes in cell morphology were also quantitatively analyzed. After 6 h growth, the diameters of single C2C12 cells in hydrogel were about 17 μm. After 24 h growth, cellular spheroids began forming and the diameters of cellular spheroids were about 26 μm. After 48 growth, the diameters of cellular spheroids increased to about 34 μm. For control, C2C12 cells were cultured in regular plastic petri dishes which were not coated by hydrogels, and the results ( Fig. 12) show the spread of C2C12 cells on the substrate but no cellular spheroids are observed. In order to observe the hydrogel-coated dishes after the culture of C2C12 cells, SEM imaging was performed on the hydrogel-coated dishes and the results (Fig. 13 ) clearly visualized the porous scaffold structures. In fact, SEM images of freeze-dried hydrogels (Fig. 4F-I) show the three-dimensional porous structures of the fabricated hydrogels. The pores in the hydrogels facilitate the proliferation of cells. From the experimental results ( Fig. 11-Fig. 13 ), we can see that the hydrogels formed by hybrid biopolymers (sodium alginate and gum arabic) are biocompatible and are able to promote the formation of cellular spheroids of C2C12 cells. The fabricated hydrogel scaffolds facilitate the cellular spheroid formation of breast cancer MCF-7 cells. Considering that the C2C12 cells are healthy cells, we then examined utilizing the fabricated hydrogels to grow MCF-7 cancerous cells. Fig. 14 shows the optical and SEM images of MCF-7 cells cultured on hydrogel (3-3-15)-coated Petri dishes. After 24 h culture, individual MCF-7 cells were clearly visualized (denoted by the yellow arrows in Fig. 14A ). After 48 h culture, the divided cells were observed (denoted by the blue arrows in Fig. 14B ). Besides, some cells assembled together to form spheroids (denoted by the red arrows in Fig. 14B ). After 72 h culture, the cellular spheroids were distinctly observed (Fig. 14C ). Fig. 14(D-F) presents the optical images of MCF-7 cells cultured on regular Petri dishes which were not coated by hydrogel. We can see that MCF-7 cells cultured on regular Petri dishes did not form cellular spheroids. Fig. 14(G, H) are the SEM images of MCF-7 cells grown on hydrogel(3-3-15)-coated Petri dishes for 48 h. Fig. 14G shows one MCF-7 cell (denoted by the yellow arrow) grown on the hydrogel scaffold and Fig. 11H shows several MCF-7 cells assembled together (denoted by the red arrow). From the experimental results ( Fig. 14) , we can see that the fabricated hydrogel scaffolds here are able to induce the formation of cellular spheroids of human breast cancer MCF-7 cells.
The fabricated hydrogel scaffolds support the spheroid formation of suspended lymphoma Raji cells. Both C2C12 cells and MCF-7 cells are adherent cells, we then examined growing human suspended Raji cells with the fabricated hydrogels. Fig. 15 shows the optical and SEM images of Raji cells cultured on hydrogel-coated Petri dishes. When Raji cells were cultured on hydrogel (3-3-15)-coated Petri dishes, Raji cells assembled together to form spheroids ( Fig. 15(A-C) ). When culturing Raji cells with hydrogel (7-4-25)-coated Petri dishes, cellular spheroids also appeared ( Fig. 15(D-F) ). When culturing Raji cells on regular petri dishes which were not coated by hydrogel, Raji cells also assembled together ( Fig. 15 (G-I) ) but no three-dimensional cellular spheroids formed. Fig. 15(J, K) shows the typical SEM images of Raji cellular spheroids cultured in hydrogel (3-3-15)-coated Petri dishes. Fig. 15J shows one cellular spheroid (denoted by the red arrow) and Fig. 15K shows two cellular spheroids (denoted by the red arrows). More SEM images are shown in Fig. 16 . Fig. 16(A, B) corresponds to SEM images of Raji cells cultured on regular petri dishes, showing that cells assembled together but no cellular spheroids were observed. Fig. 16(C, D) corresponds to the hydrogel-coated substrate, clearly showing the porous scaffold structures. Fig. 16 (E, F) corresponds to the SEM images of Raji cells cultured on hydrogel (7-4-25)-coated Petri dishes, significantly showing the cellular spheroids (denoted by the arrows). Combining the results of Fig. 15 and Fig. 16 , we can see that the fabricated hydrogel scaffolds here facilitate the formation of cellular spheroids of lymphoma Raji cells.
D. Discussion
The experimental results show the notable potential of AFM characterizations in designing tunable biomaterials for applications in tissue engineering. Natural biopolymers have been considered as promising biomaterials for tissue engineering due to their biocompatible and biodegradable characteirstics [59] , [60] . Alginate is a biopolymer which has been widely used for forming hydrogels [61] . However, hydrogels prepared by alginate alone have weak mechanical properties [18] . Hence reinforcing materials need to be added to the alginate hydrogels to overcome this limitation, for example, cellullose [62] and gelatin [63] . Here, our results based on AFM characterizations not only demonstrate that the cross-linking of sodium alginate and gum arabic via Ca 2+ results in the hydrogel scaffolds whose structures and mechanical properties are tunable by altering the component ratios and component concentrations, but also reveal the dynamic changes in structures (e.g., thinning and dispersed porous structures, and the appearance of nanoparticles) and mechanics (decrease of Young's modulus and adhesion force) during the formation and degradation processes of hydrogel scaffolds. Experiments on three types of cells (C2C12, MCF-7, Raji) strikingly show that the fabricated hydrogel scaffolds here facilitate the formation of cellular spheroids, indicating that the fabricated hydrogel scaffolds could be used for biomedical applications. Compared with other techniques which have been widely utilized in characterizing scaffolds, such as SEM [64] - [66] , the prominent advantages of AFM are that AFM characterization can be directly performed on native specimens without pretreatments (such as drying and gilding) and multiple physics (e.g., morphology, stiffness, adhesion force) of specimens can be obtained by AFM. The results here demonstrate the capabilities of AFM in simultaneously characterizing the structural and mechanical dynamics of the hydrogel scaffolds, which is meaningful for assisting biomaterial characterization and design. The structures and properties (such as stiffness and adhesion force) of hydrogels sensed by AFM may be used as parameters for evaluating cell-scaffold interactions and the methods established here can be applied to other types of hydrogels, which will be particularly useful for understanding the underlying mechanisms guiding cell and biomaterial behaviors.
Taken together, the study provides a novel way to design tunable hydrogel scaffolds based on natural biopolymers integrated with AFM peak force tapping imaging as well as quantitative analysis, which will benefit the nanoscale characterizations of biomaterials for regulating cellular behaviors.
